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1. Introduction

The deepest images of the night sky, taken by the Hubble Space Telescope (e.g. HUDF [26],
XDF [24]) demonstrate the remarkable diversity and preponderance of galaxies in the distant Uni-
verse. In the coarsest sense, the primary goal of the study of galaxy evolution is to describe and
explain the formation and evolution of these structures through cosmic time. In practice, from an
observational standpoint, this involves three primary tasks: the identification of galaxies at different
epochs, examination of the properties of those galaxies, and finally the connection of populations
of galaxies as they evolve through time. In the past couple of decades, the study of high-redshift
galaxies has evolved dramatically; observational surveys are beginning to probe billions of years
of the history of the Universe - even glimpsing some of the youngest galaxies at cosmic dawn.

2. A very brief history of high-z galaxy surveys

2.1 Early galaxy redshift surveys

Much of the progress in the field has been driven by a combination of technological advances
and innovative approaches to the identification and study of high redshift galaxies. Early redshift
surveys, e.g. the CfA redshift survey [16], spectroscopically targeted all objects above magnitude-
thresholds to measure the overall distribution of galaxies, and therefore large-scale structure, in the
local universe with extreme completeness. More recently the Sloan Digital Sky Survey [1] (SDSS)
has provided photometric and spectroscopic information for similarly complete samples of galaxies
in swaths of the sky - dramatically shaping our understanding of the properties of local galaxies.

Ideally, as galaxy studies probe greater distances, and therefore longer baselines in time, we
would repeat this “brute force” approach to collecting samples of galaxies throughout cosmic time.
However, this methodology becomes increasingly unfeasible with redshift as distant galaxies have
decreasing space densities, appear fainter, and the majority of their light gets shifted to redder
wavelengths. Large, magnitude-limited (and therefore complete for massive galaxies) galaxy sur-
veys taken with multi-object, optical spectrographs exist out to z ~ 1 (e.g. DEEP/DEEP2 surveys
[33, 62] and the PRIMUS survey [14]). These surveys are much less wide-field than local surveys
and therefore probe narrower ranges in environments than the SDSS, for example, however they
yield a fairly complete census of galaxy properties at these redshifts.

The innovation that fundamentally transformed high-z galaxy studies was moving away from
the reliance on spectroscopic redshifts to estimating redshifts using galaxy colors alone. These
photometric redshifts rely on using a combination of a number of carefully chosen colors to identify
strong features in the spectral energy distributions (SEDs) of galaxies. Generally these photometric
redshifts identify breaks (e.g. Lyman or Balmer/4000 A breaks) in the galaxy spectra. Perhaps
the most notable initial example is that of the discovery of Lyman Break Galaxies (LBGs) [e.g.
42]. These strongly star-forming galaxies can be easily identified by a combination of a red color
shortward and a blue color longward of the rest-frame 912 A Lyman limit. At a given redshift,
one can estimate boxes in color-color space in which LBGs will be found. With this technique,
large numbers of a specific type of high redshift galaxies can be identified with limited optical
photometric data. Furthermore, LBGs in particular are quite bright at a given redshift, so they
are ideal for spectroscopic follow-up and confirmation of the particular selection method. Similar
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techniques have been designed to catch other spectroscopic features with both narrow-band filters
to catch specific emission lines (e.g. Lyman Alpha Emitters [23]), or broadband photometry in the
optical and near-IR (e.g. distant red galaxies, DRGs [20, 58]).

All of these photometric surveys relied on identifying specific types of galaxies, which had
very direct consequences. First, the galaxy samples were found and named, generally with an
acronym, based on their identification method, not based on their physical properties. This resulted
in a somewhat piecemeal understanding of the overall galaxy population at a given redshift. Instead,
our understanding of high-z galaxies was an alphabet soup of galaxy samples. The lack of a general
census of galaxies rendered drawing connections between galaxy populations at a given epoch or
through time extremely difficult.

The next step in improving photometric identification of high-redshift galaxies was the de-
velopment of medium-band width filters. By using a large number of filters, one can trace out
the shape of a galaxy’s SED, yielding a very low-resolution spectrum, from which redshift can
be estimated. The spectral “resolution” of the sampling of the SEDs determines the accuracy of
the photometric redshifts. The first survey to pioneer this approach was the COMBO-17 survey
[5], which utilized 17 medium band filters to measure photometric redshifts for 10° galaxies. This
survey included galaxies of all types and therefore yielded a much more comprehensive view of
galaxies in the z < 1 universe. Concurrently, technological advances in near-IR detectors allowed
observers to capture the rest-frame optical emission from galaxies out to much higher redshifts.
Many groups underwent large photometric surveys designed to identify high-z galaxies based on
their SEDs (e.g. FIRES [18] and MUSYC [40] surveys).

2.2 State of the art in galaxy surveys

Currently, the pinnacle of high redshift galaxy studies involve a combination of very deep
photometric data, particularly focused on longer wavelength light, which also covers a large wave-
length range to best sample galaxy SEDs. This has yielded a handful of designated areas on the sky
that are well studied across the electromagnetic spectrum from X-ray to radio wavelengths. Several
groups have added deep imaging in near-IR medium band filters specifically designed to carefully
sample the Balmer/4000 A breaksatz ~2—3 (e.g. NMBS [66] and Z-FOURGE [45] surveys).
Although galaxies at these redshifts are quite faint and would require ~ 10s of hours to follow-up
spectroscopically on large telescopes, photometric redshifts that include medium-band photometry
have been shown to have excellent accuracy (Az/(1+4z) ~ 1 —2%).

As the rest-frame optical galaxy emission redshifts into the Near-IR, observations in this band
have become crucial. Unfortunately, the Earth’s atmosphere introduces a fair amount of absorption
and variability. Therefore, observations from space, particularly made by the recently upgraded
WEFC3 camera on the Hubble space telescope have become increasingly important. Currently there
are two complementary large galaxy surveys being conducted using HST: CANDELS [21, 25],
which provides extremely deep imaging and 3D-HST [11], which adds low-resolution grism spec-
troscopy. Finally, at z > 1 3D-HST provides a spectroscopic survey of galaxy properties at these
redshifts without any preselection biases. In the near future, with the introduction of excellent
quality multi-object Near-IR spectrographs on large telescopes will allow for large, higher resolu-
tion spectroscopic surveys (such as the forthcoming MOSFIRE Deep Evolution Field (MOSDEF)
survey with MOSFIRE on Keck 1).
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Figure 1: Stellar mass functions from the Z-FOURGE survey (from Tomczak et al. [48]). Left: Stellar mass
functions above cited completeness limits (vertical arrows) in three extragalactic surveys at z ~ 1.25. Right:
Redshift evolution of the stellar mass functions from the Z-FOURGE survey (black) relative to the local
stellar mass functions from the SDSS (red). Even at the highest redshift, the Z-FOURGE survey is mass
complete to log M, = 9.25, which is almost comparable to the SDSS.

~

2.3 Vast improvement in survey depths

Although surveys and complete studies of galaxy evolution were once limited to the most
massive galaxies, the latest generation of deep pencil beam surveys are now probing to mass-
completeness levels of local galaxy surveys (such as the SDSS). One such survey is the Z-FOURGE
survey (observing finished in 2013), which has already published mass functions to unprecedented
mass limits (Figure 1, [48]). No longer restricted to follow only the most massive galaxies through
cosmic time, some very recent studies have begun to examine the growth and formation of Milky
Way mass galaxies [e.g. 38, 61].

3. Evolution of Massive Galaxies

The ultimate goal of these large galaxy surveys is not just to identify distant galaxies, but
to rather to follow coherent populations of progenitors and descendants through cosmic time. Al-
though photometric galaxy surveys are more comprehensive than early high-z studies, they will still
only give a complete description of the galaxy population down to a magnitude limit. Since the
observed magnitude of a galaxy is a observational, and not intrinsic property, this can be translated
to a more physical mass limit down to which a survey is complete. For the remainder of this article,
I will focus on the massive (M, > 10''M..) galaxy population, which, until very recently, has been

~

at the edge of galaxies that can be fully sampled by large surveys out to the highest redshifts.

3.1 Massive galaxies today

Massive galaxies in the local universe are generally giant ellipticals. In addition to being
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massive, these galaxies are physically extended, with half-light radii of r, = Skpc. The stellar
populations are primarily old, red and dead, with very little cold gas or on-going star-formation.
In addition to their old stellar populations, massive elliptical galaxies are characterized by their
dynamically relaxed stellar bodies. Structurally, they are generally quite smooth and follow roughly
de Vaucouleur (p o< r'/#) profiles [17] and are dispersion supported.

All of these pieces of evidence suggest that massive galaxies are largely relics of a much
earlier time in the history of the Universe. If this were indeed the case, one would predict that the
progenitors of elliptical galaxies would remain largely unchanged in observations since the much
earlier epoch when their stellar bodies were formed or assembled. Because the stellar populations
of the most massive local ellipticals are extremely old (> 1 — 10Gyrs), naively we would expect
observations of massive galaxies at z ~ 2, or roughly 10 billion years in the past, to look structurally
similar, with bluer colors due to younger stellar populations.
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Figure 2: Left: Color images of all massive galaxies in the CANDELS GOODS-S field in size-mass space.
Quiescent galaxies are marked with red crosses and are offset significantly from the z ~ 0 size-mass relation
[41] for early type galaxies, from Szomoru et al. [43]. Right: Mass-normalized sizes indicate that the
size evolution of massive galaxies occurs smoothly with redshift, compilation of observational results from
Newman et al. [31].

3.2 Unexpected and undeniable size evolution of massive galaxies

An exciting observational result of the last decade is the fact that the past 10 billion years have
been an active period in the lives of massive galaxies. The first evidence of this was the result
that at high redshift massive galaxies are systematically more compact than their local counterparts
at fixed mass [e.g. 15, 47, 50, 59, 69, and many subsequent papers]. The compactness of z ~ 2
galaxies in the GOODS-South CANDELS [21, 25] field is shown graphically in the left panel of
Figure 2, from Szomoru et al. [43]. Here, images of all massive galaxies are shown, sorted by
size and stellar masses. Quiescent galaxies are marked with crosses, which can be compared to
the labeled Shen et al. [41] mass-size relation for early type galaxies in the local universe. This
observed size evolution has been found to occur smoothly over time (the right panel of Figure 2,
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from Newman et al. [31]), also measured with CANDELS [21, 25] imaging, in the GOODS-S and
UKIRT UDS fields.

Several groups have looked for similarly dense and massive galaxies in the local universe
[44, 49], finding that such galaxies are extremely uncommon today. In combination of the striking
discrepancy between high-z galaxies and their local descendants, this dearth of massive compact
relics implies that the structures of massive galaxies must have evolved strongly in the last 10
billion years. The way in which their structures have evolved can be used to constrain the physi-
cal mechanisms that primarily drive massive galaxy evolution, even after their star formation has
ceased.
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Figure 3: Density profiles of massive galaxies at z ~ 2 (gray) and z ~ 0 (colored lines). Although the overall
sizes of the galaxy samples differ by a factor of ~ 5, the density within the central cores (within a physical
aperture of 1kpc) have remained roughly stable with time, from Bezanson et al. [7].

Observations of the density profiles of massive galaxies at high and low redshift have demon-
strated that size evolution is primarily driven by growth at larger radii; the density in the central
~ 1kpc of massive galaxies at high-redshift and local elliptical galaxies are quite similar (see Figure
3, [7]). In other words, in the last 10 billion years, massive galaxies have grown in an “inside-out”
manner. Several physical mechanisms have been proposed to explain the structural evolution of
massive galaxies. Most of these growth mechanisms require that individual galaxies grow in mass,
requiring slightly more sophisticated methods, as opposed to evolution of net properties at fixed
mass, to connect galaxy populations at different redshifts. The following subsections will discuss
both new observational techniques, additional evidence for the evolution massive galaxies, and
initial interpretations of these findings.

3.3 A new technique to follow massive galaxies through cosmic time

Comparisons of the properties of galaxies at fixed mass, as described in the previous section,
have two major limitations. First, this type of study can only describe the evolution of large samples
of galaxies, but does not trace the mass growth of individual galaxies, or populations of galaxies.
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Figure 4: Left: Cumulative number density of galaxies as a function of stellar mass (cumulative stellar
mass function). Horizontal dashed line indicates the number density (2 x 10~*Mpc~3) at which galaxies are
selected. Center: Mass growth of galaxies at n(> M) =2 x 10~*Mpc 2 as a function of redshift. Right:
Density profile evolution at fixed number density. All figures from Patel et al. [37].

Secondly, the comparison of quiescent galaxies to quiescent galaxies at different epochs can in-
troduce a “progenitor bias”, in which a sample misses progenitor galaxies that do not yet fall into
the sample parameters. In this particular instance, samples can preferentially exclude galaxies that
have yet to quench their star-formation, but will eventually evolve into the population in question.

In an effort to better connect galaxy populations observed at different epochs, the technique of
following galaxies at fixed cumulative number density, as defined by the stellar mass function, was
developed [see e.g. 4, 28, 36, 37, 60]. In this methodology, one assumes that galaxies grow while
maintaining approximate rank-order. Therefore, the growth of the stellar mass function within a
bin in number density will describe the mass growth of galaxies within that sample (left and center
panels of Figure 4). Furthermore, once the mass growth is quantified, one can study the evolution
of this sample without the unphysical assumption of fixed mass comparisons. For example, one
can trace the stacked density profiles of galaxies at fixed number density, as opposed to fixed mass,
as shown in the right panel of Figure 4 [37]. The promise of this technique has grown dramatically
as a result of vast improvements in the depths of photometric surveys.

3.4 Structural Evolution of Massive Galaxies - Were they more disk-like?

The observed inside-out growth of massive galaxies implies that their size growth is combined
with a smooth morphological transformation. It has been suggested that massive galaxies at high
redshifts are more disk-like than their local elliptical counterparts [e.g. 13, 54, 63]. These claims
are largely based on the observed evolution of the shape of galaxy profiles, as quantified by best-
fit Sérsic profiles. The Sérsic profile is a flexible p o< r!/* functional form that allows for more
flexibility than the bimodal exponential disk (n = 1) and de Vaucouleurs (n = 4) profiles used to fit
either disk or bulge components in local galaxies. By z ~ 2, the Sérsic indices of massive galaxies
most resemble disk galaxies in the local universe (see e.g. the right panel of Figure 4 and the top
row of Figure 5). However, evidence that these galaxies are clear analogs of local disks is not clear.
Although their light profiles are similar, the distribution of ellipticities of z ~ 2 massive galaxies
differ from those predicted for randomly oriented disks (bottom row of Figure 5, [13]).

Another test of the composition of massive, high-redshift galaxies is to measure their dynamics
and compare the relationship between their measured structures and dynamics, as quantified by
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Figure 5: Sérsic index and ellipticity distributions of z ~ 2 compared to local early-type (left) and late-
type (right) galaxies. The Sérsic indices of z ~ 2 galaxies most resemble local disk-like galaxies, while the
ellipticities most resemble elliptical galaxies in the SDSS. From Chevance et al. [13].

their velocity dispersions. This can be used as an additional test of the galaxy compactness - both
of the stellar mass and size estimates; the size and mass of a galaxy is related to the motion of the
stars within that galaxy by the Virial theorem:

o < \/M/R. 3.1)

Measurements of galaxy velocity dispersions at z = 1 require high signal-to-noise spectroscopy
with at least medium resolution, which are only possible with extremely long (~ 10 hour) integra-
tions on 8—10-meter-class telescopes. Despite the observational difficulty, such measurements have
been made for ~ 10 — 20 massive galaxies at z = 1.5 [e.g. 6, 32, 34, 46, 51, 52, 57]. The velocity
dispersions of these galaxies appear to be consistent with those inferred by their compactness [e.g.
6,9, 51,52, 57].

Further complicating the question of whether massive galaxies were more disk-like is the ob-
servation that the mass fundamental plane, or the relation between stellar mass density, velocity
dispersion, and sizes of massive galaxies is remarkably stable with time, without strong evidence
for an evolution in the Virial relation [8] (see Figure 6). Theoretically, the constant of propor-
tionality in the Virial equation will depend on the distribution of mass in a galaxy, therefore the
structural evolution of massive galaxies would predict an evolution in this equation. However the
relation between galaxy structures and dynamics for these galaxies does not show strong evidence
for such evolution. In this context, the evolution of the mass fundamental plane reveals a sim-
plicity in the evolution of massive galaxies since z ~ 2, despite their otherwise busy adolescence.
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Figure 6: The mass fundamental plane as a function of redshift for massive galaxies from 0 < z < 2.5, from
Bezanson et al. [8]. The stability of this relation between galaxy sizes, masses and dynamics suggests that
evolution occurs within the mass fundamental plane, without any strong evidence for significant dynamical
evolution, such as an increased importance of rotational support.

However, this simple relation may be obscuring an underlying complexity due to size evolution
(and inside-out morphological growth), possibly evolving dark matter fractions, uncertain and po-
tentially non-uniform initial mass functions, observational uncertainties, and finally quenching and
changing galaxy populations, to name a few.

3.5 Star-formation and quenching: not all massive galaxies were red and dead

Although locally, massive galaxies are primarily red and dead, high redshift observations begin
to probe eras during which many of these galaxies were still forming stars or had recently quenched
their star-formation. By z ~ 2, approximately half of massive (M, ~ 10'' M) galaxies were still
star-forming [e.g. 10, 29]. These massive star-forming galaxies are largely forming stars at a very
high rate, comprising the high-mass tip of the star formation rate (SFR)-stellar mass relation, or
“star-forming main sequence”, that appears to exist out to at least z ~ 2.5 [e.g. 65, 68].

It is extremely rare to catch a massive galaxy in the process of quenching - that is when it is
still forming stars, but has a SFR far below the star-forming main sequence. Therefore, quenching
is an apparently rapid process. Many of the galaxies designated as quiescent at z 2> 1 show signs
of recent quenching, both in their colors [e.g. 64] and spectroscopically [e.g. 6, 35]. In fact, many
massive quiescent galaxies at z ~ 1.5 show strong Balmer lines, which indicate that they must
have been strongly star-forming in the past, with the most recent burst of star-formation quenched
< 1Gyr prior to the observations [e.g. 6, 35].

Much like their local counterparts, star-forming and quiescent galaxies are structurally differ-
ent at high-redshift. On average, massive star-forming galaxies are a factor of ~ 2 larger than quies-
cent galaxies of the same mass, at nearly all redshifts [e.g. 27, 31, 67]. It is important to emphasize,
however, that all size-mass relations demonstrate significant scatter and individual compact galax-
ies with on-going star-formation have been observed [e.g. 2, 3]. Given the evolving quenched
fraction and structural differences, one must incorporate the evolution in the composition of the
massive galaxy population with time in explaining its observed growth.
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3.6 Explaining the evolution of massive galaxies

The past ~ 10 billion years have seen significant evolution in the physical properties of massive
galaxies. They have evolved structurally and many have undergone the quenching of star formation.
However, the physical mechanisms that are involved in causing this evolution, particularly in the
galaxy size and morphologies, are still debated.

With respect to the observed size evolution of massive, quiescent galaxies, the leading model
involves significant minor merging. There is very little or no star formation in these galaxies and
therefore cannot be responsible for their growth. Major mergers of galaxies, defined by mass ratios
greater than ~ 1 : 4, could also increase galaxy sizes. However, the addition of large stellar bod-
ies would also largely increase the masses of massive galaxies, overproducing extremely massive
galaxies with respect to the overall evolution of the stellar mass function [e.g. 7]. Minor merging,
on the other hand can efficiently increase galaxy sizes without adding significant mass [e.g. 7, 30].

To first order, the prevalence of minor merging and its ability to grow galaxies “inside-out”
by adding stars from the satellite galaxies to the galaxy outskirts has been demonstrated in cosmo-
logical simulations [e.g. 22, 30]. Furthermore, although massive galaxies are primarily regular and
undisturbed, many have been observed, particularly at higher redshifts, to show significant signs of
ongoing interactions, such as tidal features, shells and streams [e.g. 55, 56]. In fact, in a volume-
limited imaging survey of low surface brightness features in local massive ellipticals, ~ 70% of
galaxies showed deviations from smooth Sérsic light profiles.

On the other hand, the amount of minor merging required to produce the factor of ~ 3 — 5 size
growth in these galaxies is hard to constrain, and may not be consistent with merger rates or the
observed satellite populations around massive galaxies. One study of satellite galaxies surrounding
massive quiescent galaxies found that while the number of satellites could be sufficient to reproduce
the size evolution at z < 1, there were too few satellite galaxies to explain the growth at higher
redshifts (1 < z <2.5) [32].

Another suggestion has been that the size evolution is, at least in part driven by the evolution
in galaxy populations [e.g. 12, 19, 39, 53, 59]. Star forming galaxies have larger average sizes,
therefore, if the process that truncates star formation does not alter their structures, the quenching
of star forming galaxies would increase the average size of quiescent galaxies with time. Although
this is likely occurring, recent evidence suggests that it cannot be the only mechanism driving the
size growth of massive galaxies. First, one study showed that the sizes of younger (bluer) quenched
galaxies are consistent with the average sizes of older galaxies at z > 1 [64]. Furthermore, although
studies of the size evolution of quiescent galaxies are sensitive to the effects of quenching, the
entire massive galaxy population is not sensitive to this progenitor bias (as defined by number
density selection, for example) shows overall size evolution as well [e.g. 37, 60].

4. Conclusions

Overall, recent studies have found that the lives of massive galaxies since z ~ 2.5 have been
quite eventful, perhaps significantly more than their relaxed morphologies and dynamics and old
stars today would suggest. Substantial improvements in extragalactic pencil-beam surveys, near-
IR detector technologies, spectroscopic breakthroughs, and ingenuity in discovery and analysis
techniques have contributed dramatically to this field.

10
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In the future, our understanding of the lives of massive galaxies, and even lower mass galaxies,
will continue to grow with bigger samples and to higher redshifts, with the advent of better NIR
spectrographs, space-based JWST, and eventually 30-meter class telescopes. We can continue to
try to explain the morphological evolution of massive galaxies and formation of massive galaxies.
We will discover how such compact galaxies are able to form at z = 2 and explore the properties of
their progenitors. We will disentangle seemingly conflicting evidence about the possible disk-like
nature of z ~ 2 compact galaxies.

For example, with large telescopes, adaptive optics, and an excellent NIR spectrograph, one
could attempt to resolve their rotation and therefore confirm whether the dynamics of compact mas-
sive galaxies are consistent with local dislike morphologies. With the combination of observations
of progenitor galaxies at earlier epochs and strong observational constraints on the structures and
dynamics of massive galaxies we will be able to explore the formation mechanisms for these com-
pact galaxies. Whether their stars follow organized disk-like rotation or are dispersion dominated
like local ellipticals will place strong constraints on these formation mechanisms.

Finally, although this article focused on the evolution of massive galaxies, high-redshift galaxy
studies are increasingly able to follow galaxy populations through cosmic time at lower and lower
masses. Recent studies have begun to extend this work to galaxies at the mass of the Milky Way
[e.g. 38, 61]. This work will continue to disentangle the observational evidence and improve our
understanding of how galaxies of all sizes evolve in the Universe.
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